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Aswidely known, connections performance under seismic loads can significantly affect the
structural response of RC precast buildings. Within the scientific community, an increasing
number of studies has been carried out on this topic, in the light of the recent earthquake
aftermaths all over Europe. Indeed, connections turned out to be the weakest part of the
precast structures and their failure often provoked the global collapse of the whole building.
The present study aims at assessing the seismic behavior of a single-story RC precast
building in terms of global collapse implementing two different models of the beam-to-
column connection, a simplified and a refined one. A lumped plasticity approach is used to
simulate the structural nonlinear behavior at the column base. In order to assess the refined
connection model, a preliminary scheme with an isolated single dowel is validated by
comparing the pushover outcomes with experimental results from literature. Nonlinear
static and dynamic analyses are performed on two models of a 3D single-story RC precast
building, one implementing the simple beam-to-column connection model and the other
one implementing the refinedmode. The comparison clearly shows that the differences are
negligible if the global collapse limit state is considered.
Keywords: precast structures, dowel connection, nonlinear model, pushover analysis, multistripe analysis
INTRODUCTION
Recent earthquakes in Europe stressed the importance of adequate seismic design as well as
vulnerability assessment approaches for precast industrial structures (Sezen et al., 2000; Toniolo
and Colombo, 2012; Magliulo et al., 2014b; Ozden et al., 2014; Belleri et al., 2015). The experience of
such seismic events pointed out the weakness of connection systems for both structural elements and
nonstructural components. The most catastrophic failures were caused by the presence of frictional
connections (i.e., without any mechanical devices), which had a very low strength under horizontal
loads. Moreover, some damaged structures showed also the deficiencies of some mechanical
connections because of inadequate design details, such as in the case of dowel beam-to-column
connections. Such connections consist of one or more steel threaded bars (dowels) cast at the column
top and inserted in the beam by means of holes filled with mortar. In some applications the dowels
can be fastened at the top of the beam to enhance the connection stability during the construction
phase (Figure 1).
In the last decades, several research studies have been performed to investigate the vulnerability of
modern (new) structures with mechanical connections under seismic actions (Vintzeleou and
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Tassios, 1987; Safecast, 2012; Zoubek et al., 2013; Magliulo et al.,
2014a; Kremmyda et al., 2014; Brunesi et al., 2015; Zoubek et al.,
2015; Dal Lago et al., 2018; Bressanelli et al., 2019; Cimmino et al.,
2020; Sousa et al., 2020). Vintzeleou and Tassios (1987)
conducted an experimental investigation in order to detect the
main failure mechanisms of dry connections provided with
dowels under cyclic loads. Tests pointed out two different
failure modes: failure mode I and failure mode II, depending
on the size of the concrete cover. If the concrete cover is greater
than 6–7 times the diameter of the dowel, the yielding of the
dowels and the consequent crashing of the concrete around them
are observed (failure mode I). Otherwise, if the concrete cover is
smaller than this value, the connection fails due to the splitting of
the concrete cover in one of the two horizontal principal
directions (failure mode II). The former mechanism is defined
as a ductile collapse, whereas the latter provides a fragile failure.
The same authors proposed relationships to calculate the dowel
connection strength for both the failure modes under monotonic
as well as cyclic loads. More recent studies confirmed these results
(Psycharis and Mouzakis, 2012a; Psycharis and Mouzakis,
2012b). The research project “SAFECAST—Performance of
innovative mechanical connections in precast building
structures under seismic conditions”—(Safecast, 2012)
developed a vast experimental campaign to analyze the
behavior of different connections typologies as well as to
define new design approaches and/or provisions. Several
experimental tests were performed on the dowel beam-to-
column connection and design formulas were also proposed.
However, such investigated dowel systems had peculiar features,
typically adopted in Slovenian buildings, such as the use of a steel
tube around the dowel in the beam. Therefore, those results have
some limitations of applicability and they need further
investigation. Zoubek et al. (2013) assessed the dowel
connection by means of a numerical model in ABAQUS FEA
software (DSS Corp., 2010), which was validated on both the
monotonic and cyclic tests of the SAFECAST framework. A key
aspect of the model was the contact surface between the dowel
and the concrete/grout in the direction of the dowel axis as well as
in the orthogonal axis, as already highlighted in Maitra et al.
(2009) and Guezouli and Lachal (2012). The failure mode in both
the experimental test and the numerical model was a ductile
mechanism, i.e., with the yielding of the dowel and simultaneous
crashing of the surrounding concrete (Vintzeleou and Tassios,
1987). It was found that the resistance of the dowel increases with
the plastic hinge depth. Furthermore, large rotations at the base of
the columns can reduce the dowel strength since the steel bars
undergo also tensile stresses along with the shear strains. In the
framework of the SAFECAST project, Kremmyda et al. (2014)
developed a numerical model in ABAQUS (DSS Corp., 2010) to
detect the ductile failure mechanism as well as to identify the
plastic hinges in the dowel and to measure the dissipated energy.
The model was validated with experimental results under both
cyclic and monotonic loads. Some research studies dealt with the
fragile failure mechanism. Magliulo et al. (2014a) performed
monotonic tests on a dowel connection, designed according to
Italian codes and construction methodologies. The failure of this
connection involved the splitting of the lateral concrete cover in
the column because of its inadequate dimension. A numerical
model in ABAQUS was also developed by the same authors
(Magliulo et al., 2014a) which was capable to reproduce the
experimental evidence. A parametric study was then
performed to assess the influence of some main geometrical
features on the connection response (dowel diameter, frontal
cover, and lateral cover). Zoubek et al. (2015) studied the design
formulas of the connection strength, for both the ductile and
fragile failure mechanism. In particular, the strength of the ductile
mechanisms can be calculated by using the already available
formulas in the literature, which were extensively validated by
both numerical model and evidence. However, if a fragile
mechanism occurs, the available formulas were found
FIGURE 1 | Typical beam-to-column dowel connection.
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inadequate in evaluating the connection capacity because of the
neglected contribution of the stirrups in the connection. The
authors proposed a new equation for this mechanism and showed
a good agreement with past experimental results. Brunesi et al.
(2015) carried out an experimental campaign on two planar
three-story frames, in order to assess the effectiveness of
beam-to-column dowel connections and panel-to-structure
links. A ¾ scaled bare frame, designed for a medium to high
seismicity, was considered to study the dowel connection
response. The frame underwent quasi-static cyclic roof
displacements, applied by actuators located at each slab level.
The structural collapse was dictated by connection failure; indeed,
dowels failed in shear, after yielding, when the structure was still
in the elastic field. The observed poor seismic performance has led
the authors to discourage the use of this structural type of
building in high seismic areas. Bressanelli et al. (2019)
performed a wide investigation on the modeling assumption
reliability in reproducing the real seismic response of RC
precast buildings. The assessed issues mainly concern the mass
distribution, the influence of the higher vibrational modes, and
the dowel connection implementation. A detailed numerical
model for the connections is introduced in the structural
scheme, instead of the usual perfect hinge constraint; however,
given the variation of several parameters, it is not easy to
understand how the change of the connection model affects
the results of the dynamic analyses. Cimmino et al. (2020)
dealt with the seismic assessment of a precast industrial
building designed according to the modern codes. Since the
last seismic events showed the inadequacy of some pinned
connections, whose failure prevented the development of
plastic hinges at the columns base, structural capacity was
evaluated with both a global and a local approach; the global
failure mode was related to the attainment of the ultimate
rotation of the plastic hinges, whereas the local collapse
considered the connections breakdown. Furthermore, for both
the connections failure modes (ductile and fragile), a comparison
between all the available formulations was made. As concerns the
ductile failure, expressions by CNR 10025/1984 (CNR 10025/84,
1984), Vintzeleou and Tassios (1987) monotonic and cyclic,
EOTA (TR045, 2013) monotonic and cyclic, and Safecast
(2012) were applied for the calculation of connections shear
strength and it is found that, neglecting the case of Vintzeleou
and Tassios—cyclic, which is proved to be too conservative
(Magliulo et al., 2015), SAFECAST formula provided the
lowest strength. Sousa et al. (2020) developed a very accurate
dowel connection model, accounting for the deformability of the
neoprene pad, the friction at the concrete-neoprene interface, and
the dowels response under horizontal loads. The model is
experimentally validated, confirming its goodness in catching
connection failure mode and maximum strength. A parametric
analysis of the components geometrical and mechanical
properties shows the possibility to generalize the application of
the proposed model.
The results of nonlinear dynamic and static analyses of a new
RC precast building under seismic actions are reported in the
manuscript. For the same structure, two models of the dowel
connections are compared at the global collapse limit state: 1) a
perfect hinge constraint between the beam and the column and
2) a degrading hysteretic model that can simulate a more actual
behavior of the connection under horizontal loads. The model of
the beam-to-column connection is the only modified parameter
of the performed analyses, allowing for a clear identification of
the effects of such a modification. Other studies implemented
refined beam-to-column dowel connection models, but, to the
authors’ knowledge, none of them showed the equivalence in
terms of building global collapse between a refined model and a




The analyzed structure is a single-story RC precast industrial
building, located in Central Italy (L’Aquila) on soil type C
(180 m/s ≤ Vs,30 ≤ 360 m/s), according to EC8 (CEN, 2005).
The structure consists of four 6 m long spans in the longitudinal
direction (Z direction in Figure 2) and one 15 m long span in
the transversal direction (X direction in Figure 2). The total
height of the columns is equal to 9 m with a crane bracket at
7.5 m from the base. The structure is designed according to the
recent Italian seismic code (NTC 2008). The roof has
prestressed RC elements connected by means of both
mechanical devices and a cast in situ concrete slab. The
connection between the roof and the principal beams is
obtained by means of dowel connections. The main beams
are located along the transversal direction; their peculiar
shape is illustrated in Figure 3. Dowel connections, made by
2ϕ24 mm threaded bars, are used between the main beams and
the columns. They are designed with horizontal forces provided
by the capacity design, i.e., as the minimum between the column
base resisting moment/column height ratio by the factor γRd 
1.20 and the value given by the seismic analysis assuming the
behavior factor q  1. The diameter and the number of the
dowels are designed according to Italian guidelines (CNR
10025/84, 1984), which provide the following formula for the
connection horizontal strength:





where n  2 is the number of dowels, α  1.6 is a coefficient
taking into account the confinement provided by the beam-
column mutual pressure, db is the dowel resistant diameter,
fyd  fy/γS  564 N/mm2 is the steel design yielding strength,
and fcd  αcc fck/γc  25.87 N/mm2 is the concrete design
strength. The secondary beams have a U-shaped section and
they are connected to the columns by dowel connections. The
columns are precast elements with a square shaped cross-
section (Figure 4), connected to a socket foundation at the
base. As concerns the structural materials, concrete with
characteristic compressive strength equal to 45 N/mm2 and
steel with characteristic yielding strength equal to 450 N/mm2
are considered in the design stage. Further details about the
design steps and results can be found in Ercolino et al. (2018).
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Model of the Structural Elements
A 3D nonlinear model of the structure is developed in OpenSees
(PEER, 2007). Columns are fixed at the base, while secondary
beams are hinged to the columns. Columns and beams are
modeled as elastic elements and a lumped plasticity approach
is used to model the nonlinear behavior of the structure with
plastic hinges at the columns base. Geometrical nonlinearities are
taken into account for columns according to a PDelta coordinate
transformation, which adds the second-order bending moments
at the element ends. The eccentricities between the longitudinal
axes of the structural elements are considered as rigid links at the
beam-to-column connection in both the transversal and the
longitudinal direction of the building (Figure 5). The roof
elements are not modeled in the structure and a rigid
diaphragm can be assumed at the top of the beams because of
the stiffness of the cast in situ concrete slab. Thus, all the seismic
mass, equal to 543 t, is lumped in the barycenter of the deck. The
cladding panels are not modeled and their contribution to the
global stiffness of the structure is neglected.
The monotonic moment-rotation envelope curve assigned at
the column base consists of three branches: the first branch defines
the postcracking response of the column by means of a secant
stiffness up to the yielding point; the second branch is characterized
by a hardening response until the maximum strength (capping
point); and the third branch shows a softening behavior up to the
ultimate rotation (postcapping point). It is provided according to
Fischinger et al. (2008), where an ideal backbone curve is proposed
for precast cantilever columns (i.e., with large shear span ratio)
designed according to modern codes, by comparing experimental
results with literature formulas. In particular, the suggested
envelope consists of 1) the yielding rotation by Fardis and
Biskinis (2003); 2) the capping rotation, the capping moment,
and the ultimate rotation by Haselton (2006); 3) the yielding
moment as the value corresponding to the yielding of the steel
reinforcement or the crushing of the concrete in the cover. In
Figure 6 the monotonic backbones for both corner and lateral
columns are plotted; the difference is due to the different values of
axial loads acting on them (333 kN for the corner columns and
FIGURE 2 | Structural layout.
FIGURE 3 | Main beam configuration.
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456 kN for the lateral columns). The hysteretic model is assigned
according to Ibarra et al. (2005), taking into account the cyclic
degradation based on energy dissipation criteria.
In the modeling phase, mean mechanical characteristics of the
structural materials are considered: mean compressive strength
equal to 59.7 N/mm2 for the concrete and mean yielding strength
equal to 490 N/mm2 for the steel reinforcement.
MODELS OF THE MAIN
BEAM-TO-COLUMN CONNECTION
The connection between the main beams and the columns is
modeled with two different approaches: 1) as a hinge constraint
and 2) with a more accurate model providing the actual hysteretic
force-displacement behavior, as presented in this section. The
latter model is analyzed with a preliminary study as a single
connection. Then, it is added to the 3D nonlinear model of the
structure to assess how it affects the overall response under
earthquake actions.
The refined model is calibrated on the experimental results of
the Safecast (2012) project. In particular, the model is based on the
outcomes of elevenmonotonic tests performed at the Laboratory of
the National Technical University of Athens by Kremmyda et al.
(2014) and provides the backbone curve shown in Figure 7.
The maximum strength of the connection is assumed
according to the Safecast (2012) formula:





where fy and fc are the mean steel yielding strength and the mean
concrete compressive strength, respectively, and α is a coefficient
taking into account the possible presence of axial stress in the
FIGURE 4 | Column cross-section.
FIGURE 5 | Structural scheme.
FIGURE 6 | Moment-rotation curves for corner and lateral columns.
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dowel, which is assumed equal to zero. The Safecast (2012)
formula was chosen for the sake of safety, since it gives the
minimum value of strength with respect to the other formulas
available in the literature (Cimmino et al., 2020). In particular, it
provides a value of the connection strength lower than the value
provided by the design Eq. 1, if in the two formulas the same
values of the concrete and steel strength, respectively, are used.
The yielding displacement is evaluated as
Dy  λ Fy , (3)
where Fy is the connection strength (VRd) and λ is determined
according to Ferreira and El Debs (2000). The capping point is
defined by the displacement equal to 0.5ϕ (where ϕ is the
diameter of the dowels) and the shear force equal to the
connection strength (VRd). Finally, the residual strength of the
connection is assumed equal to zero at a displacement equal to
1.5ϕ. Table 1 shows the values of the forces and displacements of
the connection model, assuming the same behavior along the
positive and the negative horizontal direction. In order to
implement the connection cycling response, the OpenSees
model “uniaxial Material ModIMKPeakOriented” (PEER,
2007) was applied to the zero-length element representing the
dowel connection along the x direction, which provides a
degrading hysteretic behavior in terms of force-displacement.
A single dowel connection is modeled (Figure 6A) and a
nonlinear static analysis is performed in order to verify the
efficiency of the proposed modeling approach. The model
consists of two nodes, connected by a stiff elastic one-
dimensional element. The connection model is assigned
between the two nodes in the horizontal direction (X in
Figure 8A). A pushover analysis is performed in X direction
and the results are presented in Figure 8B with a green solid line.
The results of the analysis demonstrate the capability of the
numerical model to simulate the expected behavior of the
connection.
GLOBAL COLLAPSE OF THE BENCHMARK




Nonlinear static (pushover) analyses are performed on two
different structural models in order to evaluate how the dowel
connection modeling affects the structural capacity in terms of
global collapse. In the first model the main beam-to-column
dowel connection is assumed as perfect hinge and the collapse is
reached when the horizontal force in the hinge equals the
connection horizontal strength, i.e., 232 kN. Assuming that all
connections contemporaneously reach their maximum strength
due to the in-plane rigidity of the roof including the main beams,
the total horizontal force at the beam-to-column connection is
equal to 2320 kN (Figure 9A). The second model takes into
account the actual mechanical properties of the dowel connection
by means of the above presented refined model. This latter model
is assigned to all main beam-to-column connections along the X
direction.
The analysis outcomes are presented in Figure 9. In particular,
in Figure 9A the pushover results are reported in terms of base
shear-top displacement for both models. The thick line shows the
results of the refined model, where, at the reaching of the
connection maximum strength, a quick drop is observed,
denoting the failure of all connections and the global collapse
of the building. For the assessed building, the kinematics under
seismic actions (Brunesi et al., 2015) does not determine any
additional constraint at the connection level, since the beams
never come in contact with the columns and the corbels. In the
first model the global collapse reaching is pointed out by the
dotted horizontal line at 2320 kN. The pushover first branches of
the two models are coincident until the attainment of the base
shear value equal to 2320 kN, denoting the conventional collapse
of the first model and the observed collapse of the second model.
It can be concluded that nonlinear static analyses of the two
models provide the same results in terms of global collapse of the
building.
Figure 9 shows some insights too. The dashed line in
Figure 9A plots the pushover curve in the case of main
beam-to-column connections without strength limitation
(Kramar et al., 2010; Magliulo et al., 2018). In this case, the
global pushover curve follows the behavior of the plastic hinge at
the column base, covering a postcracking, a postyielding, and,
finally, a postcapping branch. It is worth noting that the failure
FIGURE 7 | Force-displacement trilinear backbone of the dowel
connection.
TABLE 1 | Force-displacement backbone coordinates.
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of the connections and the consequent global collapse of the
building precede the yielding at the column base, which should
never happen if the capacity design is implemented for the
connection design. Indeed, the observed behavior is due to the
different formulas referenced for the design of the connections
(Eq. 1) and for their assessment (Eq. 2). The latter one, which is
an outcome of the recent research, provides a strength
significantly lower than the former one, which is extensively
used in Italy being provided by technical guidelines (Cimmino
et al., 2020). Figure 9B shows the force-displacement curve
recorded in the refined model of the connection during the
nonlinear static analysis. It is evident that the refined model is
well functioning, because the force-displacement relationship
well follows the assigned model, except for a local numerical
instability in the softening branch, which did not affect the
analyses.
Results of the Multistripe Analyses
Multistripe nonlinear dynamic analyses are performed in order to
compare the performance of the two models described in the
previous sections in terms of global collapse. Ten increasing
intensity levels (IM) are defined through an accurate hazard
analysis (Iervolino et al., 2017) and, for each IM, twenty
accelerograms are selected by means of the Conditional
Spectrum Method (Lin et al., 2013a; Lin et al., 2013b). The
Conditional Spectrum Method was applied by defining the
target spectrum with an assigned value of pseudo-acceleration
at the fundamental period of the structure (T1 equal to 2.0 s). The
selected acceleration records belong to both the Italian
accelerometric archive (Itaca) and the NGwest database. Both
the horizontal components are used in the analyses along the X
and Z directions of the structure (Figure 2). The spectrum-
compatibility procedure was carried out on the component
with the maximum value of PGA, which is then applied in the
transversal direction (X). Table 2 shows the considered intensity
levels and the conditioned spectral pseudo-acceleration at each
return period.
The structural collapse is achieved when the seismic demand
(D) exceeds the corresponding capacity value (C) in the X
direction of the building. The failure criteria already defined
for nonlinear static analyses are implemented in order to assess
the structural vulnerability of the case study under nonlinear
FIGURE 8 | (A) Single dowel connection modeling scheme. (B) Comparison between the expected and the recorded pushover curves.
FIGURE 9 | (A) Pushover curves along X direction for both the models and (B) force-displacement curve in a single dowel connection. Results of the multistripe
analyses.
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dynamic analyses: i. the reaching of the horizontal strength of
the main beam-to-column connection when it is modeled as an
internal hinge (internal hinge case); ii. the reaching of the
maximum strength (flat branch of the backbone curve) of the
main beam-to-column connection refined model (refined force
parameter); iii. the ultimate displacement of the main beam-to-
column connection refined model, i.e., the displacement
corresponding to the connection strength equal to zero
(refined displacement parameter). The corresponding
demand parameters are as follows: i. the global horizontal
force at the main beam-to-column connection level; ii. the
force recorded in the main beam-to-column connection
refined model; iii. the displacement recorded in the main
beam-to-column connection refined model.
The results of the multistripe analyses are presented in
Figure 10 as demand/capacity ratios for the internal hinge case
(A), the refined force parameter (B), and the refined
displacement parameter (C). Obviously, all the attainments
of the collapse are identified as D/C  1. Figure 11 provides the
recorded collapses in all cases for each ground motion. The
plots show that the refined model of the connection does not
modify the results in terms of global collapse of the building,
when it is reported in terms of forces and displacements. The
differences evidenced by the three plots shown in Figure 10 are
only related to the different parameters representing the
demand/capacity ratio. The obtained result is due to the
large stiffness of the connection and to its limited ductility
(Figure 7), which are not able to modify the global building
deformability and ductility.
CONCLUSIONS
In the presented study a refined trilinear model of the main beam-
to-column dowel connection of single-story RC precast buildings is
proposed, based on literature experimental results. Nonlinear static
analyses are performed on both the single connection model and
the 3D case study provided with the proposed dowel connection
model. Nonlinear dynamic analyses, namely, multistripe analyses,
are also performed. Ten stripes, corresponding to ten increasing
intensity levels, are considered, and, for each of them, twenty
groundmotions are selected, resulting in two-hundred time history
analyses. The numerical study gave the outcomes and conclusions
presented below.
(1) The refined model is able to well simulate the behavior of the
dowel beam-to-column connection, as detected in past
experimental studies.
(2) Pushover analyses show that the global collapse occurs when
the maximum strength of the connections is attained. Such
failure occurs before the yielding at the column base. The
TABLE 2 | Spectral acceleration values for each selected seismic intensity level.
IM [-] 1 2 3 4 5 6 7 8 9 10
TR [years] 10 50 100 250 500 1,000 2,500 5,000 10,000 100,000
Sa (2s) [g] 0.011 0.026 0.049 0.080 0.124 0.184 0.270 0.379 0.572 1.077
FIGURE 10 | Demand/capacity ratios for each ground motion at each return period: (A) internal hinge case, (B) refined force parameter, (C) refined displacement
parameter.
FIGURE 11 | Collapse cases recorded by the multistripe analyses.
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recorded collapse is due to the simultaneous failure of all
connections, because of both the rigid floor at the roof level
and symmetry of the building.
(3) The failure criterion of the beam-to-column connection
refined model can be defined equivalently as the
attainment of either the maximum resistance or the
ultimate displacement.
(4) The refined model of the connection does not affect the global
response of the building in terms of collapse and, consequently,
does not offer an improved accuracy of the results. Indeed,
nonlinear dynamic analyses outcomes show that the global
collapses, detected monitoring the proposed connection model
capacity, are 73 out of 200, as the ones detected considering the
connections as internal hinges and monitoring the reaching of
their horizontal strength. Therefore, nonlinear time history
analyses of single-story RC precast buildings can be carried
out using a simple model of the beam-to-column connection
(internal hinge), requesting a lower numerical analysis effort.
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